Summary. The acute metabolic effects and disposition of human placental lactogen (HPL) After 12-hour infusions of HPL in physiologic amounts, impairment of glucose tolerance despite increased plasma insulin responses to glucose was observed in 7 of 8 subjects tested. However, HPL, unlike HGH, did not produce significant changes in blood glucose, plasma insulin, or plasma free fatty acid concentrations in fasting subjects before glucose administration or in carbohydrate tolerance or plasma insulin responses to glucose during 5-hour infusions. These findings are compatible with the thesis that HPL is a physiologic antagonist to insulin during pregnancy.
Introduction
The appearance in the plasma of pregnant women of a peptide, human placental lactogen, which cross-reacts immunologically with human growth hormone (1) and shares some of the biologic actions of growth hormone (2) , has suggested that this material might induce metabolic changes in pregnancy. Pregnancy is associated with an antagonism to the hypoglycemic action of insulin (3, 4) which is comparable to that observed in acromegaly (5, 6) and to that which follows the administration of growth hormone (7, 8) . Experimental studies have indicated that HPL, like growth hormone, induces impaired glucose tolerance in cortisol-treated hypophysectomized rats (9) , stimulates glucose oxidation to CO2 and incorporation into fat in the rat epididymal fat pad (10) , and promotes lipolysis in isolated fat cells ( 11 ) . Grumbach and associates ( 12) have observed a rise in the circulating free fatty acid levels of hypopituitary subjects after intramuscular injection of HPL. More recently, Samaan, Yen, Gonzalez, and Pearson (13) have reported deterioration of glucose metabolism in 2 hypophysectomized diabetic patients and an insulogenic response to a carbohydrate meal in 3 other subjects (2 hypopituitary) after prolonged intramuscular HPL treatment. Nevertheless, there have been no studies reported of the effects of exogenous HPL on carbohydrate and lipid metabolism in normal man.
In the present studies, the acute metabolic effects and the disposition of HPL were studied in man during prolonged intravenous infusions. Changes in blood glucose, plasma insulin, and plasma free fatty acid concentrations before glucose administration, in carbohydrate tolerance, 103 and in plasma insulin responses to glucose were measured during and after HPL infusions. Under steady state conditions, the plasma half-life, volume of distribution, and turnover rate of exogenous HPL were determined.
Methods
Human placental lactogen. The various HPL preparations employed by investigators differ considerably in their immunologic activity [ Table I and (14) ], and there are, as yet, no standardized bioassays for HPL. Our current laboratory standard of reference (HPL-T) was prepared by DEAE chromatography of partially purified extracts (15) ; considerable further purification was obtained by isoelectric precipitation of DEAE purified material at pH 5.0 followed by gel filtration of the immunoreactive supernate on Sephadex G-200 (16) . This final product (Table I) was 4 times more immunoreactive than Lederle's Purified Placenta Protein (PPP) and 20 times more potent immunologically than HPL-B, the material previously employed as a standard in this laboratory (17) ; its lipolytic activity was twice that of PPP (16) . All HPL values in this paper are expressed in terms of HPL-T, and any HPL data cited have been appropriately corrected. For example, the mean plasma HPL concentration at term [previously reported as 25 Alg per ml in terms of HPL-B(17)] is 1.15 Itg per ml. PPP 1 was the HPL preparation used in our clinical studies.
Experimental procedure. The subjects (Table II) included 15 men and 8 women who were students, laboratory personnel, or Washington University Clinics patients whose ages ranged from 17 to 60. Pituitary hypofunction was present in 2 men and 1 woman and was manifested by clinical signs of hypogonadism and by no increase in plasma somatotropin concentration after insulin-induced hypoglycemia. Deficiencies of adrenal and thyroid function were corrected by replacement therapy. Two patients (AB and FM) had diabetes mellitus, dis-covered during pregnancy or after a hysterectomy, which was controlled by diet alone. Of the remaining subjects, 2 were women who had undergone hysterectomy 6 and 24 months before testing, respectively, 4 were women with normal menstrual function 6 to 24 months after bilateral salpingectomy, and the rest were men who had no known history of endocrine disorders. Each subject was instructed to eat at least 200 g carbohydrate daily for 3 days before testing.
Five-hour intravenous infusions of HPL were given to 10 men and 4 women (Table II) during bed rest after an overnight fast and moderate activity. The HPL was delivered at a constant rate by an infusion pump in doses of 100 to 400 mg of Lederle PPP in 100 ml of saline over a 5-hour interval. Venous blood specimens (collected from indwelling polyethylene catheters at 10 and 1 minutes before; at 30-minute intervals during; and at 10, 20, 30, 60, and 120 minutes after the infusion) were analyzed for blood glucose and plasma insulin, HPL, and FFA concentrations. In each subject, a 5-hour saline infusion was given in an identical way 1 to 7 days before the HPL infusion (in 2 subjects the HPL infusion preceded the saline infusion), and blood samples were collected at comparable time intervals for blood glucose and plasma insulin and FFA assay. Thus, each individual served as his own control. In 12 of the 14 subjects, oral (100 g) glucose tolerance tests were performed during the HPL and the control infusions. Glucose was ingested 2 hours after the beginning of each infusion. Oral (100 g) glucose tolerance tests were also performed after overnight 12-hour infusions of HPL in 4 men and 4 women (Table II) . Lederle PPP was administered intravenously at the rate of 1.1 mg per kg per hour. Control glucose tolerance tests were performed after an overnight saline infusion 1 day to 4 weeks before HPL treatment. Plasma cortisol concentrations were measured at the completion of each infusion.
The blood glucose concentrations were measured on blood specimens anticoagulated with sodium oxalate and collected in test tubes containing sodium fluoride. The plasma specimens were anticoagulated with heparin, separated promptly by centrifugation, and stored at -140 C until the analyses were performed.
Analytical methods. Plasma HPL concentrations were determined by the double antibody radioimmunoassay previously described (17) with the following modifications: Guinea pig anti-HPL in a final dilution of 1: 28,000 was used as the hormone-specific antiserum; HPL-T was used for iodination and as the reference standard. In later assays the hormone was iodinated with Na-125I 2 rather than Na-mI because of the convenience of a longer lasting labeled hormone. Specific activities of 200 mc per mg were obtained, and the immunologic reactivity of HPL-'I and HPL-w1I was virtually identical for at least 3 months. In the assay system as modified, HGH in concentrations up to 6.4 (23) 
Results

HPL dynamics
At rates of infusion ranging from 93 to 373 ,Lg HPL per minute (Table III) , plasma HPL concentrations reached a plateau in each subject within 90 minutes ( Figure 1) Figure 3 . Although the mean blood glucose concentrations of the human volunteers were higher during the 5-hour HPL infusions than during the control infusions at 2, 3, and 4 hours after glucose ingestion (Figure 3 ), these differences were not significant. Moreover, even when the blood glucose responses for each individual were compared before and after HPL treatment, there were no consistent changes in carbohydrate tolerance. 
During 2 hours of HPL infusion before glucose
Twelve-hour HPL infusions. To determine administration, there were no significant changes whether a longer administration of HPL was in the blood glucose, plasma insulin, or plasma necessary before metabolic effects were observed, FFA concentrations in the fasting subjects (Fig-we gave overnight infusions of PPP (1.1 mg per ures 1 and 3) despite the fact that in 9 of 12 kg per hour) to 4 men and 4 women. When the subjects plasma HPL concentrations were greater subjects were treated with HPL for 12 hours than the mean plasma HPL concentration ob-before glucose administration, significant changes served in pregnant women at term (1.15 pug per in glucose tolerance and in plasma insulin reml) for at least 90 minutes (Figure 1) . sponses to glucose were observed ( Figure 4 and 12' hours before glucose was administered. A control saline infusion was performed in each subject. Student's t test for paired samples was used to determine the significance of the differences within individuals before and after HPL treatment Table IV) . Carbohydrate tolerance was decreased in 6 of the 8 subjects, and the insulin response was increased in 7 individuals after HPL administration. The mean (± standard error) blood glucose concentration 2 hours after glucose ingestion was significantly higher (p < 0.05) after overnight infusions with HPL (147 ± 8) than after the control infusion (109 ± 11). When analyzed by the t test for paired samples (24) , the mean increase in plasma insulin responses after HPL treatment (6,000 ,uU-minutes) was also significantly greater (p < 0.05) (Table V) . This difference in the circulating insulin response might be attributed, in part, to the higher plasma insulin concentration observed in 3 of the fasting subjects subsequent to HPL administration; however, there were no significant differences in the mean blood glucose and plasma insulin concentrations in fasting subjects before and after HPL administration. Plasma insulin responses and changes in carbohydrate tolerance after HPL treatment were not significantly different in the men and women or in the normal and diabetic subjects. There were no consistent changes in plasma FFA or cortisol concentrations after the 12-hour HPL infusion in fasting subjects (Table VI) . Discussion Resistance to the hypoglycemic action of insulin has been observed during pregnancy by many workers. Burt (3) reported that after the administration of insulin, blood glucose concentrations decline less in pregnant women than in subjects who are not pregnant. Kalkhoff and associates (4) observed that in normal women, plasma insulin responses to glucose and to tolbutamide are greater during pregnancy than during the puerperium even though glucose tolerance tests anteand postpartum are identical. As shown by Spellacy, Goetz, and co-workers (25) (26) (27) , the magnitude of the insulin response to glucose increases progressively throughout gestation without deterioration in carbohydrate tolerance.
Many clinical and experimental studies have suggested that HPL may be a circulating insulin antagonist of pregnancy. HPL is present in the plasma of pregnant women in progressively increasing concentrations during gestation (17, 28) and disappears rapidly from the maternal circulation after delivery (17) . These changes in circulating HPL levels coincide temporally with the increasing magnitude of the plasma insulin response to glucose administration in successive periods of pregnancy reported by Spellacy and co-workers (25) (26) (27) and with the rapid disappearance of resistance to the hypoglycemic action of insulin from all women in the puerperium (4, 27, 29) . The observations by Beck and Daughaday (9) that HPL-B impairs glucose tolerance in hypophysectomized rats and by Samaan and coworkers (13) that HPL has diabetogenic effects in hypophysectomized diabetic patients are consistent with these findings.
In the present studies, impairment of peripheral glucose utilization despite increases in the plasma insulin responses to glucose was observed in normal human subjects after 12-hour infusions with HPL. However, unlike HGH (8), HPL in 5-hour infusions did not produce changes in glucose or FFA metabolism. Grumbach and co-workers (12) also noted a slower plasma FFA response to HPL administered intramuscularly than to HGH in hypopituitary subjects.
It does not appear likely that the contrainsulin effect observed after overnight HPL administration is mediated by HPL-induced release of HGH or ACTH into the peripheral circulation or by increases in extracellular FFA concentrations. Although neither HGH 3 nor ACTH levels in plasma were measured directly, there were no significant changes in plasma FFA or cortisol concentrations (Table VI) after HPL treatment. Nevertheless, it is possible that HPL produced changes in intracellular FFA concentrations that led to impaired carbohydrate tolerance. Schonfeld and Kipnis (30) have recently observed that glucose transport and phosphorylation in isolated rat diaphragms correlate better with the intracellular pool size than with external FFA concentrations. An alternative explanation for the contrainsulin effect of HPL is provided by Josimovich, who found that HPL potentiates the action of HGH in rats by partially preventing hypoglycemia induced by insulin (31) .
The possibility remains that the steroid hormones secreted by the placenta may affect glucose and insulin metabolism. Gershberg, Javier, and Hulse (32) have reported a high incidence of abnormal glucose tolerance tests among normal women taking norethynodrel and mestranol for contraception; however, the control population was not identical to the progestin-estrogen treated group. Impaired glucose tolerance was observed by Waine, Frieden, Caplan, and Cole (33) in 6 of 8 rheumatoid arthritis patients treated with large amounts of the same ovulatory suppressant for 8 to 300 days. More recently, Spellacy and Carlson (34) reported increased plasma insulin and blood glucose responses to intravenous glucose 3 Because of the large amounts of HPL, which crossreacts immunologically with HGH, in the plasma of these subjects, it was not possible to measure HGH by immunoassay.
in normal women after norethynodrel-mestranol treatment for 19 days. These results suggest the possibility that the increased plasma concentrations of estrogens (35) and progesterone (36) during pregnancy might also affect peripheral glucose utilization.
The mean plasma half-life, metabolic pool size, and turnover rate of HPL (Table III) are comparable to the values previously estimated for HGH (37) . Because the mean volume of distribution of HPL (7.2% of body weight) is larger than the plasma volume, HPL may be present in interstitial fluid to a limited extent.
Based on a mean plasma HPL concentration at term of 1.15 ug per ml and a daily HPL turnover rate of 175 ml per minute, the synthesis of HPL by the placenta at term is calculated to be 290 mg per day; this value is in agreement with the production rate for endogenous HPL previously estimated by Kaplan and Grumbach (14) expressed in terms of HPL-T. This quantity is much larger than the amount of HPL excreted in the urine at term (< 100 pg per day) (13) and demonstrates that HPL is catabolized rapidly in the body tissues.
The quantity of HPL administered to our subjects during the overnight infusions ranged from 230 to 386 mg (in terms of HPL-T) and was within physiologic limits. With HPL administered at the rate of 300 pg per kg per hour, the plasma concentration obtained during each HPL infusion was approximately 2.3 pg per ml, a value within the range observed during the last month of gestation. These data further support the hypothesis that HPL is a significant physiologic antagonist of insulin during pregnancy.
